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INTRODUCTION 

Of t h e  t r a n s l u n a r  midcourse c o r r e c t i o n  schemes a v a i l -  
a b l e  t o  Apollo,  t h e  s imples t  u s e s  XYZT t a r g e t i n g .  This  method 
f i n d s  a t r a j e c t o r y  which  passes  through t h e  node ( X Y Z )  of t h e  
d e s i r e d  l u n a r  park ing  o r b i t  and t h e  nominal t r a n s l u n a r  approach 
hyperbola  a t  t h e  t i m e  (T)  of nodal  c r o s s i n g  on t h e  nominal 
mission.  Because of t h i s  d e f i n i n g  p r o p e r t y ,  X Y Z T  t a r g e t i n g  of 
t h e  midcourse c o r r e c t i o n  f o r  a t ra jec tory  which i s  c l o s e  t o  
nominal w i l l  y i e l d  a t r a j e c t o r y  which remains close t o  nominal. 
Thus, an i n t e r e s t i n g  ques t ion  arises a s  t o  whether T L I  d i s -  
p e r s i o n s  w i l l  be  s m a l l  enough a t  t h e  t i m e  of t h e  f i r s t  t r a n s -  
l u n a r  midcourse c o r r e c t i o n  to  a l low a X Y Z T - t a r g e t e d  t r a j e c t o r y  
t o  be close t o  nominal. 

Unfor tuna te ly ,  i f  t h e  answer t o  t h i s  q u e s t i o n  i s  
a f f i r m a t i v e ,  an exhaus t ive  s tudy would be needed t o  demonst ra te  
it. Thus, it w a s  dec ided  t o  ask  f o r  less and compare X Y Z T  
t a r g e t i n g  performance a t  the  f i r s t  t r a n s l u n a r  midcourse cor-  
r e c t i o n  wi th  f r e e - r e t u r n  best a d a p t i v e  pa th  (FRBAP) t a r g e t i n g ,  
which r eop t imizes  t h e  e n t i r e  t r a n s l u n a r  miss ion  s u b j e c t  t o  a 
f r e e - r e t u r n  c o n s t r a i n t .  A s  w i l l  be shown, t h e  p r i n c i p a l  r e s u l t  
of t h i s  comparison i s  t h a t  on a s t a t i s t i c a l  b a s i s ,  and a l so  on 
an i n d i v i d u a l  sample basis ,  t h e  two t a r g e t i n g  schemes are n e a r l y  
i n d i s t i n g u i s h a b l e .  From t h i s  r e s u l t ,  which depends s t r o n g l y  on 
t h e  assumed covar iance  mat r ix  of T L I  d i s p e r s i o n s ,  c e r t a i n  gener- 
a l i z a t i o n s  are made i n  t h e  conclus ion  of t h i s  paper .  

DESCRIPTION OF METHODS U S E D  

I n  an earlier s tudy  [l, 2 1 ,  which addressed t h e  prob- 
l e m  of t h e  best t i m e  f o r  t h e  f i r s t  midcourse c o r r e c t i o n  f o r  
Apollo 8 ,  a l a r g e  body of d a t a  w a s  ga the red  f o r  FRBAP t a r g e t i n g  
of t h e  f i r s t  midcourse c o r r e c t i o n .  For i n p u t  t o  t h a t  s t u d y ,  a 
s e t  of 1 0 0  sample s t a t e  v e c t o r s  w a s  taken from a covar iance  ma t r ix  
of T L I  d i s p e r s i o n s  prepared f o r  t h e  Apollo 8 mission.  Using t h i s  
s a m e  se t  of s t a t e  v e c t o r s  and a t a r g e t  taken  from t h e  f r e e - r e t u r n  
r e f e r e n c e  t r a j e c t o r y  of t h a t  s t u d y ,  t h i s  paper  compares X Y Z T  
and FRBAP t a r g e t i n g  d a t a .  
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Conic t r a j e c t o r i e s  w e r e  used throughout  t h i s  s tudy  t o  
a l low d i r e c t  comparison w i t h  t h e  FRBAP s t u d y ,  which used only  
con ic s .  S ince  t h e  midcourse c o r r e c t i o n  s t a t i s t i c s  f o r  con ic  
and i n t e g r a t e d  t r a j e c t o r i e s  a r e  n e a r l y  t h e  same fa r  from MSI, 
t h e  r e s u l t s  of bo th  s t u d i e s  should be very  n e a r l y  r e p r e s e n t a t i v e  
of t h e  r e s u l t s  which would be ob ta ined  u s i n g  i n t e g r a t e d  
t r a j e c t o r i e s .  

The i d e a l i z a t i o n s  of a p e r f e c t  s t a t e  v e c t o r  update  
p r i o r  t o  a c o r r e c t i o n  and p e r f e c t  maneuver execu t ion  are assumed. 

XYZT Ta rge t ing  Program 

A computer program h a s  been w r i t t e n  t o  s o l v e  t h e  
XYZT t a r g e t i n g  problem and t o  g e n e r a t e  t h e  XYZT d a t a  f o r  t h i s  
s tudy .  The program and i t s  des ign  phi losophy are d e s c r i b e d  
i n  Reference 3 .  

F i g u r e  of M e r i t  

a s s igned  a f i g u r e  of m e r i t  by computing t h e  h y p o t h e t i c a l  
v e l o c i t y  c o r r e c t i o n  r equ i r ed  a t  t h e  t a r g e t  t o  r e t u r n  t o  t h e  
r e f e r e n c e  t r a j e c t o r y .  T h i s  c o r r e c t i o n  i s  n e a r l y  t h e  same as 
t h a t  which would be r equ i r ed  i f  i n t e g r a t e d  t r a j e c t o r i e s  w e r e  
used ,  s i n c e  t h e  t a r g e t  i s  q u i t e  c l o s e  t o  p e r i l u n e .  T h u s ,  t h i s  
v e l o c i t y  c o r r e c t i o n  may be  compared d i r e c t l y  to  a t y p i c a l  RCS 
f u e l  budget t o  g e t  a measure of t h e  c l o s e n e s s  of t h e  nominal 
and t h e  XYZT-targeted t r a j e c t o r i e s .  

Each XYZT-targeted t r a j e c t o r y  i n  t h i s  s tudy  w a s  

Reference T r a j e c t o r y  

The r e f e r e n c e  t r a j e c t o r y  f o r  t h i s  s tudy  i s  t h e  patched 
c o n i c  analog of t h e  i n t e g r a t e d  r e f e r e n c e  t r a j e c t o r y  used i n  
Reference 4 t o  develop t h e  covariance m a t r i x  of T L I  e r r o r s .  I t  
p rov ides  a December 2 1 ,  1 9 6 8  launch t o  O r b i t e r  S i t e  11 -P- I1  
on a f r e e - r e t u r n  t r a j e c t o r y .  Launch azimuth was 72O and a 
P a c i f i c  i n j e c t i o n  w a s  assumed. F l i g h t  pa th  azimuth over t h e  
l and ing  s i te  was -78'. The t r a j e c t o r y  w a s  t a r g e t e d  f o r  t h e  
c e n t e r  of t h e  e n t r y  c o r r i d o r ,  having an  e n t r y  v e l o c i t y  of 
36,114 f p s  and a n  e n t r y  f l i g h t  p a t h  a n g l e  of -6.4O. Other  
s i g n i f i c a n t  parameters  of t he  r e f e r e n c e  t r a j e c t o r y  and t h e  
v e h i c l e  are l i s t e d  i n  T a b l e  1. 
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A covar iance  mat r ix  of a c t u a l  s t a t e  v e c t o r  d e v i a t i o n s  
a f t e r  T L I  was ob ta ined  from Reference 4. The m a t r i x ,  which 
i s  p resen ted  i n  Table 2 ,  i nc ludes  t h e  e f f e c t s  of launch v e h i c l e  
execu t ion  errors, e a r t h  o r b i t  v e n t i n g ,  and t h e  post-TLI pro- 
p u l s i v e  blow down. I t  is  a p re l imina ry  m a t r i x  f o r  t h e  Apollo 
C '  miss ion .  The ma t r ix  i s  v a l i d  f o r  t h e  t i m e  of nominal T L I  
c u t o f f  p l u s  1 5  minutes ,  second TLI  oppor tun i ty .  I t  i s  p r e s e n t e d  
i n  t h e  UVW c o o r d i n a t e  system, i n  which U i s  a long  t h e  p o s i t i o n  
v e c t o r ,  W i s  o u t  of p l ane  i n  t h e  d i r e c t i o n  of t h e  angu la r  
momentum v e c t o r ,  and V completes t h e  r ight-handed o r thogona l  
c o o r d i n a t e  system. The u n i t s  a r e  f e e t  and f e e t  p e r  second. 

D i spe r s ions  a t  Midcourse Cor rec t ion  P o i n t s  

One hundred random samples w e r e  t aken  from t h e  
cova r i ance  ma t r ix  of errors a t  T L I  + 15 minutes .  These samples 
w e r e  added t o  t h e  nominal conic  s t a t e  v e c t o r  v a l i d  f o r  t h e  same 
t i m e .  These s t a t e  v e c t o r s  were saved and a l so  c o n i c a l l y  pro- 
paga ted  t o  t h e  v a r i o u s  midcourse t i m e s ,  namely T L I  + 1, 2 ,  3 ,  
4 ,  5 ,  6 ,  7 ,  8 ,  9 and 1 0  hours.  The r e s u l t i n g  s t a t e  v e c t o r s  
w e r e  used i n  t h e  XYZT t a r g e t i n g  program t o  de te rmine  t h e  
r e q u i r e d  midcourse AV. These AV's w e r e  t h e n  analyzed as a 
f u n c t i o n  of t h e  t i m e  of execut ion  of t h e  midcourse c o r r e c t i o n  
and compared wi th  FRBAP r e s u l t s .  

Schedul ing S t a t i s t i c s  

I t  i s  impor tan t  t o  v e r i f y  t h a t  XYZT-targeted trajec- 
t o r i e s  w i l l  s t a y  close t h e  t h e  r e f e r e n c e  t r a j e c t o r y  even i f  
t h e  f i r s t  midcourse c o r r e c t i o n  i s  de layed  u n t i l  T L I  + 2 4  hour s ,  
t h e  scheduled t i m e  of t h e  second midcourse c o r r e c t i o n .  A 
r easonab le  way t o  check t h i s  i s  t o  p rocess  each of t h e  1 0 0  
samples wi th  t h e  schedul ing  l o g i c  used f o r  t h e  Apollo F and G ,  
which i s  quoted from Reference 5: 

The f i r s t  t r a n s l u n a r  midcourse c o r r e c t i o n  w i l l  be 
performed a t  t h e  scheduled t i m e  ( T L I  + 9 hour s )  
i f  t h e  fo l lowing  cond i t ions  are s a t i s f i e d :  

a)  The MCC AV would exceed 25 f e e t  p e r  
second if delayed u n t i l  LOI-22 hours  
(scheduled t i m e  of MCC-3). 

b )  The MCC AV a t  TLI  + 9 hours  must exceed 
20 f e e t  p e r  second. 
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Figure  1A p r e s e n t s  p l o t s  of f o u r  t y p i c a l  samples of 
t h e  r e q u i r e d  f i r s t  t r a n s l u n a r  midcourse AV magnitude as a 
f u n c t i o n  of t i m e  a f t e r  T L I .  These  are t h e  same samples t h a t  
w e r e  p l o t t e d  i n  F igu re  1 of t h e  FRBAP s tudy  [2]. I n  t h a t  
s t u d y ,  t h e s e  samples w e r e  s e l e c t e d  t o  demonst ra te  t h a t  t h e  
minimum r e q u i r e d  AV may occur a t  widely va ry ing  t i m e s  a f t e r  
T L I .  Except f o r  t h e  cap t ions ,  t h e  two f i g u r e s  are n e a r l y  
i n d i s t i n g u i s h a b l e .  

For t h e  s a m e  f o u r  samples,  F igu re  1 B  shows t h e  AV 
which would be r e q u i r e d  a t  t h e  t a r g e t  t o  r e t u r n  t o  t h e  r e f e r e n c e  
t r a j e c t o r y ,  as a f u n c t i o n  of t h e  t i m e  of t h e  f i r s t  t r a n s l u n a r  
midcourse c o r r e c t i o n .  I f  t h e  f i r s t  t r a n s l u n a r  midcourse 
c o r r e c t i o n  i s  made close t o  T L I ,  t h e  r e s u l t i n g  XYZT-targeted 
t r a j e c t o r y  i s  close enough t o  t h e  r e f e r e n c e  t h a t  on ly  a s m a l l  
c o r r e c t i o n  i s  r e q u i r e d  a t  t h e  t a r g e t .  However, as t h e  cor- 
r e c t i o n  i s  de layed ,  t h e  XYZT-targeted t r a j e c t o r y  t ends  t o  
s u f f e r  growing d e v i a t i o n s  from t h e  r e f e r e n c e ,  and t h e  cor- 
r e c t i o n  a t  t h e  t a r g e t  grows accord ingly .  These e f f e c t s  are 
d i sp layed  i n  t h e  f i g u r e .  

If t h e  d e v i a t i o n s  become e x c e s s i v e ,  t h e  XYZT-targeted 
t r a j e c t o r i e s  w i l l  become i n t o l e r a b l y  f a r  from t h e  r e f e r e n c e  
t r a j e c t o r y .  I n  t h e  case of a f r e e - r e t u r n  r e f e r e n c e  a d e v i a t i o n  
could  be cons idered  excess ive  i f  a c o r r e c t i o n  g r e a t e r  than  about  
120 f p s ,  which i s  approximately t h e  CSM RCS c a p a b i l i t y  wi th  
t h e  LM a t t a c h e d ,  w e r e  r equ i r ed  t o  r e s t o r e  t h e  e n t r y  c o n d i t i o n s .  
T o  i n v e s t i g a t e  t h i s  p o s s i b i l i t y ,  t h e  s t a t i s t i c a l l y  expected 
behavior  of t h e  t a r g e t  c o r r e c t i o n  was computed as a f u n c t i o n  
of t h e  t i m e  of t h e  f i r s t  t r a n s l u n a r  c o r r e c t i o n ,  f o r  two 
p r o b a b i l i t y  l e v e l s .  The r e s u l t s  are p resen ted  i n  F igu re  lC, 
which carries t h e  t i m e  of t h e  f i r s t  t r a n s l u n a r  c o r r e c t i o n  as 
f a r  as T L I  + 24 hours ,  t h e  scheduled t i m e  of t h e  second t r a n s -  
l u n a r  c o r r e c t i o n .  For a c o r r e c t i o n  a t  T L I  + 24 hours ,  t h e  
median t a r g e t  c o r r e c t i o n  i s  28 f p s ,  and t h e  99.865% l e v e l  
( t h e  p r o b a b i l i t y  l e v e l  of t h e  t h r e e  sigma p o i n t  of a normal 
d i s t r i b u t i o n )  i s  130  f p s ,  w h i c h  i s  approximately t h e  CSM RCS 
c a p a b i l i t y .  These f i g u r e s  provide a f a v o r a b l e  measure of t h e  
c l o s e n e s s  of t h e  XYZT-targeted t r a j e c t o r i e s  t o  t h e  r e f e r e n c e  
t r a j e c t o r y .  A s  an added bonus, a l l  t h e  XYZT-targeted trajectories 
have p e r i l u n e  a l t i t u d e s  w i t h i n  2 nm of p e r i l u n e  a l t i t u d e  on t h e  
r e f e r e n c e  t r a j e c t o r y .  

F igure  2 p r e s e n t s  t h e  s t a t i s t i c a l l y  expected behavior  
of t h e  f i r s t  t r a n s l u n a r  midcourse c o r r e c t i o n  as a f u n c t i o n  of 
t i m e ,  f o r  v a r i o u s  p r o b a b i l i t y  l e v e l s .  The p l o t s  i n d i c a t e  t h a t  
t h e  r e q u i r e d  AV w i l l  be less t h a n  t h e  p l o t t e d  q u a n t i t y  wi th  t h e  
s p e c i f i e d  p r o b a b i l i t i e s .  The  p r o b a b i l i t y  l e v e l  of 84.134%, 
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97.725%, and 98.865% w e r e  selected t o  conform t o  t h e  proba- 
b i l i t i e s  of t h e  one,  two, and t h r e e  sigma p o i n t s  of a normal 
d i s t r i b u t i o n  -- they  are not t h e  one,  two, and t h r e e  sigma 
p o i n t s  f o r  t h i s  d i s t r i b u t i o n .  I n  a d d i t i o n ,  t h e  mean and t h e  
50% (median) p o i n t s  are p l o t t e d .  

I n  t h e  r e g i o n  from z e r o  t o  5 hours  p a s t  T L I ,  t h e  
cu rves  almost appear  t o  be t r a c i n g s  of t h e  cor responding  
cu rves  i n  t h e  FRBAP s t u d y ,  which are i n d i c a t e d  by dashed l i n e s .  
S t a r t i n g  a t  T L I  + 5 hours ,  however, t h e  XYZT cu rves  b e g i n  t o  
r e q u i r e  more AV t h a n  t h e  FRBAP curves .  The d i f f e r e n c e  i s  
g r e a t e s t  a t  T L I  + 1 0  hours ,  where t h e  XYZT A V ' s  a re  abou t  1% 
g r e a t e r  t h a n  t h e  FRBAP AV's .  S i n c e  t h i s  t r a n s l a t e s  t o  abou t  
a 2 f p s  d i f f e r e n c e  a t  t h e  99.865% l e v e l ,  t h e  X Y Z T  s t a t i s t i c s  
may be regarded  as e s s e n t i a l l y  t h e  same as t h e  FRBAP s t a t i s t i c s .  

For each of t h e  1 0 0  samples,  t h e  p o i n t  w i t h  t h e  
smallest  r e q u i r e d  c o r r e c t i o n  and t h e  t w o  a d j a c e n t  p o i n t s  w e r e  
f i t t e d  w i t h  a pa rabo la  i n  order  t o  i n t e r p o l a t e  f o r  t h e  t i m e  
and magnitude of t h e  minimum c o r r e c t i o n .  Checking r e v e a l e d  
t h a t  t h i s  i n t e r p o l a t i o n  method w a s  on ly  v a l i d  t o  p l u s  o r  
minus abou t  15  minutes ,  b u t  t h a t  w a s  f e l t  t o  be s u f f i c i e n t l y  
a c c u r a t e .  F i g u r e  3 p r e s e n t s  t h e  cumula t ive  d i s t r i b u t i o n  
f u n c t i o n  of t h e  t i m e  of t h e  minimum c o r r e c t i o n ,  and F igu re  4 
r e p r e s e n t s  t h e  cumulat ive d i s t r i b u t i o n  of t h e  cor responding  
AV magnitudes.  The median of t h e  minimum midcourse t i m e  occu r s  a t  
abou t  T L I  + 3.8 hours ,  t h e  mean i s  a t  T L I  + 4.5 hour s ,  and t h e  
s t a n d a r d  d e v i a t i o n  i s  3.3 hours.  The median of t h e  minimum 
midcourse c o r r e c t i o n  w a s  1 3 . 0  f p s ,  and t h e  mean w a s  19.8 f p s .  
Comparing t h e s e  numbers w i t h  t h e i r  FRBAP c o u n t e r p a r t s ,  t h e  
s t a n d a r d  d e v i a t i o n s  agreed t o  0 . 2  f p s  and t h e  medians agreed  
t o  0.8 f p s .  

Schedul ing S t a t i s t i c s  

Each of t h e  1 0 0  T L I  cova r i ance  m a t r i x  s t a t e  v e c t o r  
samples w a s  processed w i t h  the  schedu l ing  l o g i c  shown i n  
F igu re  5 i n  order t o  f i n d  t h e  s t a t i s t i c s  of t h e  t i m e  and magni- 
t u d e  of t h e  a c t u a l  midcourse c o r r e c t i o n .  The r e s u l t s  are g iven  
i n  F igu res  6 ,  7 ,  and 8. 

A cumulat ive d i s t r i b u t i o n  of t h e  t i m e s  of t h e s e  
c o r r e c t i o n s  i s  g iven  i n  Figure 6. Notice t h a t  43% of t h e  
c o r r e c t i o n s  w e r e  made a t  T L I  + 9 hours  and t h a t  38% of t h e  
c o r r e c t i o n s  w e r e  delayed u n i t 1  T L I  + 2 4  hour s ,  t h e  scheduled 
t i m e  of t h e  second midcourse. The remaining 1 9 %  s e e m  t o  be 
s c a t t e r e d  evenly  between these  t w o  boundar ies .  The c l u s t e r i n g  
a t  t h e  boundar ies  may be expected from t h e  fo l lowing  cons ider -  
a t i o n s .  By w a i t i n g  u n t i l  T L I  + 9 hours  as t h e  ear l ies t  t i m e  
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f o r  t h e  c o r r e c t i o n s ,  some s izeable  c o r r e c t i o n s  may accumulate, 
and a l l  of t h e s e  must be d e a l t  w i t h  as soon as p o s s i b l e .  On 
t h e  o t h e r  hand, even i f  one w a i t s  u n t i l  T L I  + 24 hours  t o  
make t h e  c o r r e c t i o n  t h e r e  w i l l  b e  a group of t r a j e c t o r i e s  
which s t i l l  c l u s t e r s  about  t h e  r e f e r e n c e  t r a j e c t o r y .  These 
w i l l  a l l  b e  d e a l t  w i t h  a t  t h e  l a s t  p o s s i b l e  moment. Because 
t h e s e  c o n s i d e r a t i o n s  are i m p l i c i t  i n  t h e  schedu l ing  l o g i c ,  
t hey  w i l l  ho ld  f o r  any midcourse t a r g e t i n g  method. However, 
t h e  detai led s t r u c t u r e  of t h e  d i s t r i b u t i o n  of midcourse t i m e s  
w i l l  va ry  w i t h  t h e  t a r g e t i n g  method and w i t h  t h e  r e f e r e n c e  
t r a j e c t o r y .  

F igu re  7A g ives  t h e  cumula t ive  d i s t r i b u t i o n  of t h e  
AV's f o r  each  of t h e  a c t u a l  midcourse c o r r e c t i o n s .  The mean 
v a l u e  w a s  25 f p s ,  and t h e  AV corresponding  t o  t h e  9 9 %  
p r o b a b i l i t y  l e v e l  w a s  76 fps .  Th i s  f i g u r e  w a s  t aken  from t h e  
cumula t ive  d i s t r i b u t i o n .  To assist i n  t h e  i n t e r p r e t a t i o n  of 
F igu re  7A, a h is togram of t h e  c o r r e c t i o n  magnitudes is 
p r e s e n t e d  i n  F igu re  7B. The o u t s t a n d i n g  f e a t u r e  of t h i s  
f i g u r e  i s  t h e  s t r o n g  peak a t  20 f p s ,  which i s  t h e  t h r e s h o l d  
v a l u e  which no c o r r e c t i o n  may be made, e x c e p t  a t  T L I  + 24 
hours .  Thus t h e  e v e n t s  w i t h  AV < 20 f p s  a l l  occur red  a t  
T L I  + 24 hours .  The presence of t h e  t h r e s h o l d  requi rement  
p rov ides  t h e  shape f o r  AV < 20 f p s ,  and t h e  removal of t h i s  
requi rement  allows t h e  " n a t u r a l "  shape  seen  f o r  AV > 20 f p s .  
As i n  F igu re  6, t h e  d e t a i l e d  s t r u c t u r e  i n  F i g u r e s  7A anu 7B 
w i l l  va ry  w i t h  t h e  t a r g e t i n g  method and t h e  r e f e r e n c e  
t r a j e c t o r y .  However, t h e  gene ra l  f e a t u r e s  j u s t  d i s c u s s e d  are 
i m p l i c i t  i n  t h e  schedul ing  l o g i c  i t s e l f .  

F igu re  8 shows the  cumula t ive  d i s t r i b u t i o n  of  t h e  
h y p o t h e t i c a l  v e l o c i t y  c o r r e c t i o n s  a t  t h e  t a r g e t  f o r  each of 
t h e  t r a n s l u n a r  midcourse c o r r e c t i o n s  p r e s e n t e d  i n  F igu res  6 
and 7. The d i s t r i b u t i o n  has a mean of 16  f p s ,  a median of 
1 3  f p s  and 99.865% p r o b a b i l i t y  l e v e l  of 59 f p s .  These v a l u e s  
are s u b s t a n t i a l l y  s m a l l e r  than might have been expected on 
t h e  b a s i s  of F igu re  1 C .  The r eason  i s  t h a t  t h e  schedul ing  
l o g i c  (F igu re  5)  selects a midcourse c o r r e c t i o n  t i m e  i n  such 
a way t h a t  t h e  p re -co r rec t ion  t r a j e c t o r y  never  l i es  too f a r  
from t h e  r e f e r e n c e  t r a j e c t o r y .  Th i s  i s  accomplished w i t h  
t h e  check of t h e  AV a t  L O 1  -22 hours .  Because t h i s  number is  
k e p t  f a i r l y  s m a l l ,  t h e  p re -co r rec t ion  t r a j e c t o r y  -- and 
consequent ly  t h e  pos t - co r rec t ion  t r a j e c t o r y  as w e l l  -- i s  
f o r c e d  t o  be  c l o s e  t o  t h e  r e f e r e n c e  t r a j e c t o r y .  

C o r r e l a t i o n s  

I n  an  a t t empt  t o  d i s c e r n  t r e n d s  i n  t h e  X Y Z T  and FRBAP 
data ,  v a r i o u s  c o r r e l a t i o n s  were computed between t h e  fo l lowing  
sets: 
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1) X Y Z T  UVW midcourse c o r r e c t i o n  components and 
magnitudes v s .  e r r o r s  i n  t h e  Kepler ian  elements .*  

2 )  FRBAP UVW midcourse c o r r e c t i o n  components and 
magnitudes v s .  e r r o r s  i n  t h e  Kepler ian  elements .*  

3 )  XYZT UVW midcourse c o r r e c t i o n  components and 
magnitudes v s  FRBAP UVW midcourse c o r r e c t i o n  
components and magnitudes. 

A l l  midcourse corrections were computed a t  T L I  + 1 0  hours .  The 
c o r r e l a t i o n s  are p resen ted  i n  Tables  I11 and I V  a long  wi th  t h e  
means and t h e  s t anda rd  d e v i a t i o n s  of t h e  c o r r e c t i o n  components 
and magnitudes. 

An examination of t h e  c o r r e l a t i o n s ,  means, and 
s t a n d a r d  d e v i a t i o n s  i n  Tables  I11 and I V  r e v e a l s  t h e  fo l lowing  
s a l i e n t  t r e n d s :  

U and V-components of X Y Z T  and FRBAP c o r r e c t i o n s  
e x h i b i t  t h e  same c o r r e l a t i o n s  w i t h  t h e  errors i n  
t h e  elements .  The W-components do no t .  

The c o r r e c t i o n s  are predominently in-p lane  f o r  bo th  
XYZT and FRBAP t a r g e t i n g .  

The XYZT and FRBAP in-plane c o r r e c t i o n  components 
a r e  c o r r e l a t e d  equa l ly  s t r o n g l y  t o  t r u e  anomaly 
e r r o r ,  energy e r r o r  and e c c e n t r i c i t y  e r r o r  and, 
t o  a lesser degree ,  t o  e r r o r  i n  argument of 
pe r igee .  

The out-of-plane c o r r e c t i o n s  a r e  a s s o c i a t e d  mostly 
w i t h  node e r r o r ,  for  both  XYZT and FRBAP t a r g e t i n g .  

The XYZT out-of-plane c o r r e c t i o n  component i s  more 
s t r o n g l y  c o r r e l a t e d  t o  t r u e  anomaly, energy I 
e c c e n t r i c i t y ,  and node e r r o r s  t h a n  i s  t h e  case f o r  
t h e  FRBAP out-of-plane c o r r e c t i o n .  

For both  X Y Z T  and FRBAP t a r g e t i n g ,  t h e  c o r r e c t i o n  
magnitude is n o t  s t r o n g l y  c o r r e l a t e d  wi th  any 
s i n g l e  e r r o r  i n  t h e  e lements .  

*Error  i n  an element i s  computed as t h e  v a l u e  of t h e  
element  a f t e r  T L I l  b u t  before  t h e  midcourse c o r r e c t i o n ,  minus 
t h e  v a l u e  of t h e  same e l e m e n t  f o r  t h e  r e f e r e n c e  t r a j e c t o r y .  
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SUMMARY AND CONCLUSIONS 

The s t a t i s t i c s  computed f o r  t h i s  s t u d y  of X Y Z T  
t a r g e t i n g  of t h e  f i r s t  t r a n s l u n a r  midcourse c o r r e c t i o n  w e r e  
n e a r l y  i d e n t i c a l  w i t h  t h e  s t a t i s t i c s  p r e s e n t e d  i n  a s i m i l a r  
s t u d y  f o r  FRBAP t a r g e t i n g .  Furthermore,  t h e  t w o  t a r g e t i n g  
schemes showed t h e  s a m e  behavior  of t h e  midcourse AV as a 
f u n c t i o n  of  t i m e  p a s t  T L I .  The c o r r e l a t i o n s  between i n s e r t i o n  
e r r o r s  and midcourse AV were n o t  s t r o n g  f o r  e i t h e r  t a r g e t i n g  
scheme. The XYZT-targeted trajectories w e r e  a l l  close t o  t h e  
( f r e e - r e t u r n )  r e f e r e n c e  t r a j e c t o r y  i n  t h e  s e n s e  t h a t  a t  t h e  
99.865% p r o b a b i l i t y  l eve l ,  t h e  r e q u i r e d  v e l o c i t y  c o r r e c t i o n  
a t  t h e  t a r g e t  ( t o  r e t u r n  t o  t h e  r e f e r e n c e  t r a j e c t o r y )  w a s  
on ly  abou t  56 f p s  i f  t h e  f i r s t  t r a n s l u n a r  midcourse c o r r e c t i o n  
i s  made a t  T L I  + 1 0  hour s .  Th i s  f i g u r e  grows t o  130 f p s  i f  
t h e  c o r r e c t i o n  i s  de layed  u n t i l  T L I  + 2 4  hour s ,  t h e  l a t e s t  
t h e  f i r s t  t r a n s l u n a r  midcourse c o r r e c t i o n  would be  made. 

The v a l u e  1 3 0  f p s  i s  approximate ly  t h e  l i m i t  of t h e  
CSM RCS c a p a b i l i t y  ( w i t h  t h e  LM a t t a c h e d ) .  I n  a d d i t i o n ,  a l l  
t h e  XYZT-targeted t r a j e c t o r i e s  i n  t h e  s t u d y  had p e r i l u n e  
a l t i t u d e s  w i t h i n  2 nm of p e r i l u n e  a l t i t u d e  on t h e  r e f e r e n c e  
t r a j e c t o r y .  Thus, w i t h  r e s p e c t  t o  an  assumed f r e e - r e t u r n  
r e f e r e n c e  t r a j e c t o r y  and t h e  assumed c o v a r i a n c e  m a t r i x  of 
T L I  d i s p e r s i o n s ,  XYZT t a r g e t i n g  may be  s a i d  t o  produce s a t i s -  
f a c t o r i l y  s m a l l  d e v i a t i o n s  from t h e  r e f e r e n c e  t r a j e c t o r y .  
T h i s  conc lus ion  would a l s o  apply t o  t h e  case of t h e  non-free- 
r e t u r n  r e f e r e n c e  t ra jectory,  a l though  f o r  t h i s  case t h e  s i z e  
of t h e  d e v i a t i o n s  becomes less  impor t an t .  

Because t h e  smal lness  of t h e  d e v i a t i o n s  of  XYZT-  
t a r g e t e d  t r a j e c t o r i e s  i s  impor tan t  t o  t h e  u t i l i t y  of  X Y Z T  
t a r g e t i n g ,  t h e  above conclus ion  w a s  checked by computing 
XYZT-targeted c o r r e c t i o n s  with t h e  midcourse schedu l ing  
l o g i c  used f o r  Apollo F and G .  Th i s  l o g i c  p l a c e s  t h e  f i r s t  
t r a n s l u n a r  midcourse c o r r e c t i o n  a t  some t i m e  between T L I  + 9 
hour s  and T L I  + 2 4  hours .  The midcourse c o r r e c t i o n  corre- 
sponding t o  t h e  9 9 %  conf idence  l e v e l  w a s  found t o  be  76 f p s ,  
and t h e  h y p o t h e t i c a l  v e l o c i t y  c o r r e c t i o n  a t  t h e  t a rge t  f o r  
99.865% conf idence  w a s  found t o  b e  59 f p s .  I t  i s  concluded 
t h a t  t h e  schedu l ing  l o g i c  en fo rces  t h e  c l o s e n e s s  of t h e  pos t -  
c o r r e c t i o n  and r e f e r e n c e  t r a j e c t o r i e s .  

I t  i s  thought  t h a t  t h e  g e n e r a l  r e l a t i o n s  p r e s e n t e d  
i n  t h e  l a s t  few paragraphs  are  l a r g e l y  independent  of t h e  f a c t  
t h a t  a f r e e - r e t u r n  r e f e r e n c e  t r a j e c t o r y  w a s  s e l e c t e d .  However, 
t h e y  c e r t a i n l y  depend on t h e  assumed form of  t h e  T L I  d i s p e r s i o n s ,  
which f o r  t h i s  s tudy  w a s  taken t o  be  t h e  s a m e  as  f o r  s t u d i e s  of 
Apol lo  8 .  I f  it i s  assumed t h a t  t h e s e  d i s p e r s i o n s  are a p p l i c a b l e  
t o  l a t e r  Apollo mis s ions  as  w e l l ,  t h e n  X Y Z T  and FRBAP t a r g e t i n g  
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clearly may be used interchangeably at the first translunar 
midcourse correction. This is interpreted as meaning that the 
time constraint in XYZT targeting and the free-return constraint 
in FRBAP targeting are equally stringent constraints in the 
presence of the assumed TLI dispersions. However, in midcourse 
correction targeting for non-free-return reference trajectories, 
best adaptive path targeting, which is not burdened by the 
free-return constraint, may be expected to have the edge over 
XYZT targeting. 

close to the reference trajectory given expected Apollo TLI 
errors; it preserves the perilune constraint, and it is 
statistically equivalent to FRBAP targeting. This should not 
be construed as a recommendation to replace best adaptive path 
targeting with XYZT targeting. Indeed, best adaptive path 
targeting should be kept available in real-time for the remote 
possibility of large, unexpected TLI errors which only it could 
correct while preserving the perilune altitude constraint. 

In summary: XYZT targeting is simple; it stays very 

On the basis of the result that the XYZT-targeted 
trajectory stays close to the reference trajectory, it is 
speculated that XYZT-targeting will provide a satisfactory 
solution to the problem of real-time targeting of the hybrid 
trajectory midcourse correction. 

2014-SLL-ksc S. L. L'evie, Jr.- 

Attachments 
Tables 1-4 
Figures 1A-8 
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TABLE 1 

SUMMARY OF REFERENCE TRAJECTORY CHARACTERISTICS 

Launch D a t e  December 21, 1968 

Launch Azimuth 

Lunar Landing S i t e  

Trans lunar  F l i g h t  T i m e  

T r a n s e a r t h  F l i g h t  T i m e  

E a r t h  Landing P o i n t  

Landing S i t e  Approach Azimuth 

Sun E leva t ion  a t  Lunar Landing 

Sun Azimuth a t  Lunar Landing 

E n t r y  F l i g h t  P a t h  Angle 

To ta l  S p a c e c r a f t  Weight a t  
I n j e c t i o n  

Trans luna r  Midcourse AV Budget 

T r a n s e a r t h  Midcourse AV Budget 

S p a c e c r a f t  Weight P r i o r  t o  
CM/SM S e p a r a t i o n  

SPS T h r u s t  

SPS S p e c i f i c  Impulse 

72' 

I I -P-11,  2.725'Nl 34.4'E 

66.137 hours  

80.1098 hours  

4.9897'S, 170.0'W 

-78' 

8.4768' 

10.0553' 

-6.4' 

64540 lbs. 

130 f p s  

62 f p s  

35199.4 lbs. 

20,000 lbs. 

311 sec. 
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FIGURE 1A -XYZT MIDCOURSE CORRECTION VS. TIME PAST TLI, FOR TYPICAL 
TLI SAMPLES 
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HOURS PAST TLI 

FIGURE 2 - XYZT MIDCOURSE CORRECTION VS. TIME PAST TLI, FOR VARIOUS 
CONFIDENCE LEVELS (DASHED CURVES WERE OBTAINED IN 
FRBAP STUDY) 

LEVEL CONFIDENCE LEVEL 

99.865% 

97.725% 
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